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The options for primary thermometry at ultra-low temperatures are rather limited. In practice, most laboratories are using 195 Pt NMR thermometers in the microkelvin range. In recent years, current sensing direct current superconducting quantum interference devices (DC-SQUIDs) have enabled the use of noise thermometry in this temperature range. Such devices have also demonstrated the potential for primary thermometry. One major advantage of noise thermometry is the fact that no driving current is needed to operate the device and thus the heat dissipation within the thermometer can be reduced to a minimum. Ultimately, the intrinsic power dissipation is given by the negligible back action of the readout SQUID. For thermometry in lowtemperature experiments, current noise thermometers and magnetic flux fluctuation thermometers have proved to be most suitable. To make use of such thermometers at ultra-low temperatures, we have developed a cross-correlation technique that reduces the amplifier noise contribution to a negligible value. For this, the magnetic flux fluctuations caused by the Brownian motion of the electrons in our noise source are measured inductively by two DC-SQUID magnetometers simultaneously and the signals from these two channels are cross-correlated. Experimentally, we have characterized a thermometer made of a cold-worked high-purity copper cylinder with a diameter of 5 mm and a length of 20 mm for temperatures between 42 μK and 0.8 K. For a given temperature, a measuring time below 1 min is sufficient to reach a precision of better than 1%. The extremely low power dissipation in the thermometer allows continuous operation without heating effects.
Introduction
The precise determination of the equilibrium thermodynamic temperature at ultra-low temperatures remains a non-trivial experimental challenge and only a few types of thermometers have been successfully used in this range [1, 2] . The lower end of the provisional low-temperature scale PLTS 2000 [3] is set by the Néel temperature of solid 3 He, T N = 0.902 mK, which means that thermodynamic temperatures below this point have to be established individually at each laboratory by the use of suitable primary thermometers. Although many properties of solids and quantum liquids depend on temperature below 1 mK there is a clear shortage of methods that allow the determination of temperature in primary mode. Most widely used is pulsed 195 Pt nuclear magnetic resonance (NMR), in which the spin temperature of the platinum nuclei just before the first pulse is determined and taken as the thermodynamic temperature assuming that the Pt nuclear spins were in thermal equilibrium with the conduction electrons. Over more than three decades, this has proved to be a reliable method to determine ultra-low temperatures. However, one disadvantage of this technique is the fact that considerable heat is deposited during the pulse sequence. In recent years, efforts have been increased to establish a second technique based on thermal noise for measuring ultra-low temperatures in primary mode or at least in relative primary mode. One of these techniques is based on the measurement of thermal current noise originating from a temperature-independent resistor.
Thermally driven fluctuations of the voltage across a resistor were discovered experimentally by Johnson in 1927 [4, 5] and were explained by Nyquist shortly afterwards [6] . Independent of the resistor material in the classical limit (hf k B T) the mean square voltage noise is given by
Here R denotes the value of the resistance and δf the bandwidth of measurement. The main challenge for using noise thermometry at ultra-low temperatures are the extremely small thermal noise amplitudes which require a very low noise readout and amplification scheme. Superconducting quantum interference devices (SQUIDs) are ideally suited for this purpose [7, 8] .
Before thin-film technology allowed for the production of reliable DC-SQUIDs the early work on noise thermometry at low temperatures was based solely on the use of point contact rf-SQUIDs. Despite the technological difficulties involved in the use of such devices impressive results have been obtained by measuring temperatures below 10 mK with a precision of better than 1% [9] . In these measurements, the noise-generating resistor was connected in parallel to a superconducting coil. The time average of the Johnson noise currents flowing in the coil of inductance L is
where ω = 2π f and τ = L/R. Given the sensitivity of point contact rf-SQUIDs the bandwidth of the measurement had to be limited to a few hertz leading to inconveniently long integration times. The relative statistical uncertainty of the temperature for all noise thermometers can be calculated by the relation
where δt denotes the duration of the measurement. This means using a bandwidth of 3 Hz one has to integrate in the order of 3000 s to obtain a precision of better than 1%. The early development of noise thermometry is reviewed in [10, 11] . A major improvement was introduced by the possibility of using DC-SQUIDs for the readout of current noise thermometers in the early 1980s [12] [13] [14] . The much higher sensitivity of DCSQUIDs allowed one to open up the bandwidth and thus speed up the measurement process by several orders of magnitude. Following up this work about 15 years later, practical current noise thermometers were developed and characterized over a wide range of temperatures [15] [16] [17] . It was demonstrated that such a thermometer can be used over a wide range of temperatures down to about 1 mK fulfilling the requirements of a relative primary thermometer. However, a small heat leak of a few femtowatts led to a thermal decoupling of the electrons in the noise generating 0.3 mΩ resistor and prevented the use of this thermometer in relative primary mode [17] . An improved version of this type of noise thermometer was recently developed for which usability in relative primary mode was shown down to about 0.3 mK before similar decoupling effects occur [18] .
A thermally very robust current noise thermometer with inductive readout, also known as magnetic flux fluctuation thermometer, was introduced in 2005 [19] and further developed in recent years [20] [21] [22] [23] [24] . In this case, the magnetic flux noise originating from the thermal motion of the electrons in the noise source are picked up by a superconducting coil which forms together with the input coil of the DC-SQUID a superconducting flux transformer. This method allows for large volume noise sources improving the volume-dependent electron phonon coupling and a galvanically isolated readout of the noise source. Since 2008, a commercial version of such a noise thermometer has been available. 1 Very recently, the use of an inductively read out current noise thermometer operating over nearly 5 orders of magnitude in temperature as a relative primary thermometer was demonstrated [23] , and efforts are underway to develop an absolute primary thermometer based on such a device [24] . Here we discuss the design and the characterization of a magnetic flux fluctuation thermometer for ultra-low temperatures.
Experimental set-up
The design of a noise thermometer for ultra-low temperatures requires specific considerations in two areas: the sensor and the read out scheme. Let us first discuss the requirements in terms of the sensor material and the sensor geometry. The value of electrical conductance σ of the noise source should be chosen in such a way that a good compromise between having a sufficiently large noise power available at frequencies below the bandwidth limiting cutoff frequency f c and having a sufficiently large bandwidth available for a conveniently fast determination of the temperature is achieved. The spectral power density of flux noise in a loop of wire wrapped tightly around a long conducting cylinder with radius r and conductivity σ has the constant value of
up to the cutoff frequency f c 4.5/(πμ 0 σ r 2 ), which is determined by self-shielding of magnetic field fluctuations generated by high-frequency currents inside the noise source due to the skin effect. For the given geometry, the dimensionless factor G is about 0.9. For the thermometer discussed here, a resistivity = 1/σ of approximately 0.06 μΩ cm was chosen providing a cutoff frequency of about 100 Hz. Ideally, the resistivity of the noise-generating resistor should be independent of temperature in the range for which the thermometer will be used. In practice, it is sufficient that the resistivity does not vary by more than 10 −3 of its mean value in the entire temperature range of use. Particular care has to be taken to avoid Kondo impurities on a sub-ppm level. At the same time, the metal used as noise source should have a high thermal conductance.
To meet both criteria, we chose well annealed high-purity copper (5N) having a residual resistivity ratio RRR 1000. The upper part of the copper piece (about one-third of the total piece) was cold worked before final machining in order to obtain an RRR of 28 required for a cutoff frequency of about 100 Hz. The first amplification stage consisted of two DC-SQUIDs (Type C6S1, C6M1) [25] having input inductances of 75 and 150 nH, respectively, mounted at the mixing chamber of a dilution refrigerator. Two superconducting flux transformers were used to couple the flux noise generated by the copper source mounted on top of the nuclear demagnetization stage of the cryostat into the SQUIDs. A schematic of the general arrangement is shown in figure 1 . Each of the two flux transformers is made of a gradiometric pickup coil of a few turns of 90 μm niobium wire wound around the noise-generating copper cylinder and is run as twisted pair to the amplification stage where it is hooked up to the input coil of one of the SQUIDs. Two SQUIDs were used in order to enable a cross correlation amplifier noise reduction scheme. This technique is commonly used in signal processing and amplification. However, it has been used here for the first time in connection with a magnetic flux fluctuation thermometer. The general idea is simple: reading out a signal U(t) with two amplifiers in parallel allows one to suppress or reduce the amplifier noise contribution contained in the output signals A 1 (t) = U(t) + N 2 (t) and A 2 (t) = U(t) + N 1 (t) of the two amplifiers by cross correlation of A 1 and A 2 if the signal U(t) and the two amplifier noise contributions N 1 (t) and N 2 (t) are pairwise uncorrelated. In this case, the cross correlation function
is identical with the auto-correlation function R(t) of the noise signal generated in the copper noise source. Here T denotes the recording time interval. Finally, the power spectral density of the flux noise for f > 0 can be calculated by a Fourier transform of R(t)
according to the Wiener-Khintchine theorem [26, 27] . A schematic of the read-out chain of the noise thermometer is shown in figure 2 . The room temperature part includes two channel XXF-1 flux-loop electronics, 2 band-pass filters followed by battery-powered AC-coupled operational amplifiers and low pass filters for anti-aliasing. After analogue-to-digital conversion the signals were processed subsequently by a standard PC.
Results and discussion
The noise thermometer described above has been characterized in one run of a nuclear demagnetization fridge in the temperature range between 42 μK and 0.8 K. The lower end of this range was set by the minimum temperature reached in this particular demagnetization cycle starting at 4 T and 12. Temperatures T n deduced from the noise spectra of the copper source as a function of reference temperature points provided by a 195 Pt NMR thermometer (below 12.6 mK) and by a RuO 2 resistance thermometer (above 12.6 mK) calibrated via a superconducting fix point device (SRM768). The equality of noise and reference temperature is indicated by the solid line. We find that the temperature obtained by the two methods differs by less than 5% in the entire temperature range as indicated by the dashed lines. (Online version in colour.) the thermometer at temperatures up to above 4 K by replacing the aluminium wire bonds with niobium. These with niobium bonding wires would certainly allow one to use the thermometer up to temperatures above 4 K. Nevertheless, the wide range of accessible temperatures made a thorough characterization of the thermometer possible. Above 12.6 mK, a RuO 2 thermometer read out by an LR 700 resistance bridge was used as a reference thermometer. This resistance thermometer was calibrated by a superconducting fix point device (SRM 768 from NBS) [28] . At temperatures below 12.6 mK, the reference temperature was provided by a pulsed 195 Pt NMR thermometer which was read out by PLM4 electronics. 3 Figure 3a shows the power spectral density of flux noise obtained using the cross-correlation method at different temperatures. The recording time for one cross-correlation spectrum was 400 s leading to a statistical precision of better than 1% for the given bandwidth of about 100 Hz. The fact that the overall shape is in very close approximation identical for all spectra indicates that the resistivity of the noise-generating copper piece did not change in the entire temperature range on a relevant level as expected. The solid lines through the data points of each spectrum assume an identical spectral shape and fit each dataset very well. According to (1.2) the prefactor of this fit is expected to vary linearly with temperature. In figure 3b, this prefactor is plotted for different reference temperatures. The noise temperature of the copper source, T n , is obtained by assigning one of the prefactors the temperature of the reference thermometer. This perfect linear dependence over almost 5 orders of magnitude clearly demonstrates the capability of this type of noise thermometer of being a relative primary thermometer.
It is worth noting that the parasitic heating power into the noise thermometer is estimated to be about 1 fW considering the thermal conductance of the niobium wires of the flux transformer and the back-action of the two SQUID amplifiers. This value is 6 orders of magnitude lower than the total parasitic heating power into the nuclear stage of about 1 nW. Based on an estimation using the Wiedemann-Franz law the thermal link between the copper noise source and the nuclear stage has a thermal conductance corresponding to an electrical resistance of about 1 μΩ, which means that even a heating power of 1 pW into the noise thermometer would not change the temperature of it by more than 1%. This clearly demonstrates that this type of current noise thermometer is thermally very robust and can be cooled to ultra-low temperatures even with a residual heat input up to a few picowatts. A second observation is noteworthy, namely the unwanted heat input observed after pulsing our NMR thermometer. At the lowest temperatures, this typically led to a heating effect on the nuclear stage over several hours which we were able for the first time to monitor using our noise thermometer.
Conclusion
Current noise thermometers based on SQUID readout in general can be considered as relative primary thermometers that can be used even at very low temperatures. Using special geometries and set-ups, they may even be considered to be absolute primary thermometers. Here we have discussed the design and the performance of a contact-free inductively read out magnetic flux noise thermometer based on cold-worked copper suitable for low and ultra-low temperatures. Using a two channel read-out scheme with cross-correlation amplifier noise reduction this noise thermometer has been characterized in a temperature range from 42 μK to 0.8 K. The comparison with a fix point standard calibrated RuO 2 resistance and a Pt NMR thermometer shows an agreement of better than 5% in the entire temperature range.
